Injecting a drug breaches a patient's immunological defences and risks the development of iatrogenic infection. In the case of intrathecal injection, bacterial meningitis is a rare but potentially devastating complication [1] [2] [3] . Anaesthetists attempt to maintain a "chain of asepsis" when performing neuraxial anaesthesia [4] [5] [6] . Common aseptic measures include wearing sterile gown and gloves, the use of sterile equipment and work area, decontamination of the patient's skin and the wearing of a hat and mask to minimise airborne contamination of the work area. It is desirable to use drug ampoules which are presented in sterile packaging, as these can be placed in the anaesthetist's sterile work area and handled directly by the anaesthetist. Drug ampoules which are not sterilewrapped require a careful drawing-up technique to ensure maintenance of the aseptic chain. Typically, an assistant will 'crack open' the ampoule and hold it, while the anaesthetist inserts a drawingup needle and aspirates its contents. The potential exists to contaminate the drawing-up needle through contact with the non-sterile neck of the ampoule. In addition, tiny glass shards, which theoretically could carry bacteria, may fall inside the ampoule as it is opened [7] [8] [9] [10] . The potential for bacterial contamination when using non-sterile packaged ampoules has led to recommendations such as decontamination of the neck of the ampoule with alcohol before opening 4, 11 , in-hospital autoclaving 12 , ethylene oxide sterilisation of ampoules 13 and the use of antibacterial filters in the aspiration process 4, 7, 8 . The efficacy and safety of these techniques is largely unknown.
The aim of this laboratory study was to determine the extent of bacterial contamination in solutions drawn up from non-sterile packaged ampoules by anaesthetists using different techniques. We hypothesised that cleaning the neck of the ampoule with an alcohol swab or aspirating through a 0.22 micron filter might reduce the incidence of contamination. from non-sterile packaged glass ampoules under aseptic conditions. The conditions simulated routine clinical practice at our institution but the study did not take place at a time of patient care.
MATERIALS AND METHODS

Study protocol
The three study groups evaluated were ampoule aspiration via: a 5 μm filter needle (Becton Dickinson & Co., USA), a 5 μm filter needle after wiping the ampoule with a 70% isopropyl alcohol swab (Alcowipe ® , Promedica, Australia) and the use of a 5 μm filter needle in addition to a 0.22 μm epidural filter (Portex ® , Smiths Medical, USA). Ten anaesthetists drew up three samples of fentanyl, each from a separate ampoule, using each technique once. The order in which the drawing-up technique was performed was randomised using a random number generator. Five assistants helped with the study -each assisted for two anaesthetists.
Aiming to simulate 'real life' circumstances as closely as possible, we conducted the study in an anaesthesia room of the operating suite. We allowed anaesthetists to use the aseptic preparation technique of their personal preference. All wore theatre hat and mask, scrubbed their hands and forearms with 4% chlorhexidine surgical scrub, and donned a sterile gown and gloves. The anaesthetists' syringes were contained in a sterile pack which was opened onto a trolley by the anaesthetist's assistant. Fentanyl ampoules were removed from their cardboard packaging no longer than 10 minutes prior to use. Assistants were required to open the ampoules initially using their preferred technique (either bare hands or non-sterile gloves). To avoid potential reduction in commensal skin bacteria from handling of alcohol swabs, the assistant was required to change to the alternative technique (bare hands or non-sterile gloves) after handling an alcohol swab. Anaesthetists did not 're-scrub' between aspiration of each fentanyl ampoule.
The drawing-up technique was standardised as follows: the 5 μm filter needle was inserted to the bottom of the ampoule and the full 2 ml of fentanyl was aspirated into the syringe to ensure mixing. The filter needle was then removed from the syringe and 0.5 ml of solution transferred to a sterile collection container. The laboratory was notified of each set of samples to ensure prompt processing.
Microbiology staff were blinded to the identity of the anaesthetist and the drawing-up method. Results of bacterial cultures were not made available to the anaesthetic department until all samples had been processed.
Microbiology protocol
1) Preliminary tests were conducted to assess the fentanyl solution (50 µg.ml -1 ) for bacteriostatic/ bactericidal potential. Sterile 6 mm diameter filter paper discs saturated with fentanyl solution were applied to Columbia agar with 5% horse blood plates containing 10 7 colony forming units.ml -1 of reference bacteria (Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC 29213 and Enterococcus faecalis ATCC 51299). The plates were assessed for any inhibitory effect of fentanyl solution after aerobic incubation for 24 hours at 37°C.
2) During the study, fentanyl samples were sent to the microbiology laboratory within 15 minutes of collection. Approximately 250 µl of fentanyl solution was inoculated onto Columbia agar with 5% horse blood plates and 250 µl into an enrichment broth. These were incubated for 48 hours at 37°C. The enrichment broth was then terminally subbed onto Columbia agar with 5% horse blood plates and aerobically incubated for a further 48 hours. Any bacterial growth was recorded qualitatively (species of bacteria) for both culture methods, and quantitatively (number of colony forming units present) for the directly inoculated blood agar plates.
RESULTS
Preliminary testing showed no growth inhibition around the fentanyl 50 µg.ml -1 saturated disc for any of the bacterial strains examined. There was no bacterial growth detected on any of the directly inoculated blood agar plates or from the enrichment broth cultures for all of the 30 study samples.
DISCUSSION
This study failed to demonstrate bacterial contamination in fentanyl solutions drawn up from non-sterile packaged ampoules using a 5 μm filter needle. This is in contrast to reports of a greater than 20% contamination rate of samples of fentanyl drawn up using non-filter needles 14 , and an 18% positive culture rate of swabs taken from the inside of opioid ampoules when they were not cleaned with alcohol prior to opening 11 .
Baseline contamination
The extent of colonisation of the outside of drug ampoules can be expected to vary with manufacture and storage conditions. The only published data regarding bacterial colonisation of the outside of fentanyl ampoules comes from a study by McConaghy et al 14 . They reported six positive cultures from the body and label of 15 fentanyl ampoules (Bacillus pycoides, micrococci and coagulase negative staphylococci), although there were no positive cultures from the head or neck of the ampoules. In our study we did not assess the baseline bacterial colonisation of the outside of our fentanyl ampoules. Clearly, if our batch of ampoules had no or minimal bacterial colonisation, this could account for the negative result of our study. The effect of storage conditions has been shown to dramatically affect the extent of surface contamination. Hiom et al 15 compared bacterial counts from the surface of water ampoules taken directly from their original packaging versus those stored loosely in a busy corridor for two days. Bacterial colonisation increased from 3.2 to 169 colony-forming units per ampoule. In our study, the fentanyl ampoules were removed from their cardboard packaging no longer than 10 minutes prior to use, so were likely to be relatively clean. This is consistent with clinical practice at our institution, as each anaesthesia room has its own locked cupboard in which opioids are stored in their original packaging. Studies reporting high levels of contamination of fentanyl solutions 11, 14 did not report the storage conditions of their ampoules. Unless they were taken from the original packaging immediately prior to use it is likely that they had greater levels of bacterial colonisation than the ampoules used in our study.
Collection technique
Bacterial yield may vary with drawing-up technique. McConaghy et al 14 reported a much lower contamination rate in fentanyl samples drawn up under full aseptic conditions (1/14 ampoules) rather than using only sterile gloves (>1/5 ampoules). Unfortunately the two parts of this study are not directly comparable due to differences in methodology, including the culture technique.
Hemingway et al 11 recently reported data on the effectiveness of different drawing-up methods in reducing bacterial contamination. In the first part of the study, swabs were taken from the inside of 93 diamorphine and seven fentanyl ampoules, half of which were wiped with isopropyl alcohol prior to opening. Eighteen percent (9/50) of the unwiped ampoules grew organisms compared with 0% (0/50) of the wiped ampoules (P=0.004). However, it is not stated whether this study was randomised. In the second part of the study, 100 glass (normal saline) ampoules were coated with coagulasenegative staphylococcus solution before opening. Bacterial growth was compared between four groups (control group, wiping the neck of the ampoule with isopropyl alcohol, using a 5 μm filter straw to draw up the contents or using an alcohol swab in addition to a filter straw). There were fewer positive cultures in the ampoules for which alcohol swabs and/or filter straws were used, although the results were not subjected to statistical analysis.
It is not known how effective 5 μm filters are at filtering bacteria. Bacteria are typically only 1 µm in diameter 16 and cannot be expected to be eliminated by a 5 μm filter. It is possible that the number of viable bacteria is reduced however, by filtering clusters of bacteria, filtering glass particles with adherent bacteria or other unknown mechanisms. In our study, 5 μm filters were used in all three study groups and potentially could have contributed to our inability to culture bacteria from the fentanyl solution.
Microbiological processing
The bacterial yield is greatly dependent on microbiological processing techniques 15 . In our study we took steps to ensure optimal bacterial detection, including the use of an enrichment broth in addition to blood agar, and preliminary testing to exclude the possibility of an inhibitory effect of the fentanyl solution on bacterial growth.
While our preliminary testing found no inhibition of bacterial growth by fentanyl solution (which is consistent with previous work by Feldman et al 17 ) , our failure to culture bacteria from the study ampoules was unexpected. Two studies 11, 14 have reported positive cultures from 9 to 20% of opioid ampoules. Whereas these authors 11, 14 used direct inoculation of fentanyl solution or swabs of the inside of the ampoule onto culture media, in our study there was an extra step of transporting the samples to the laboratory in a sterile container. It can be argued that we should have used nutrient-containing transport media to transport the samples to the laboratory. It seems unlikely, however, that bacteria within a fentanyl solution would become unviable after such a short period in a sterile container.
Sample size
Another possible limitation of this study is that the sample size was small, which might explain the failure to detect bacteria. The sample size was based on the study by McConaghy et al 14 , the only similar published study at that time. These investigators reported bacterial contamination in greater than 20% of ampoules (n=20), including those wiped with alcohol prior to opening. Exact binomial probability calculations using a 20% contamination rate show that the minimal sample size which can be expected to return at least one positive culture 95% of the time is 14. We expected that our sample size of 20 (excluding the antibacterial filter group) would be sufficient to provide approximately four positive cultures, with >98% probability of returning at least one positive culture. Binomial distribution probabilities were calculated by the following equation:
Research issues
The scarcity of scientific literature regarding contamination of drugs drawn up from non-sterile packaged glass ampoules may be contributed to by 'publication bias'. A study which demonstrated unexpected widespread bacterial contamination of solutions for intrathecal injection would be more appealing to the reader (and publisher) than those which confirm sterility.
Also contributing to the paucity of published data may be the expense of processing large numbers of microbiological samples (A$40 per sample in this study). In the absence of reasonable levels of bacterial contamination from drug ampoules taken directly from their original packaging, researchers are likely to use methods to increase yield, such as coating the ampoules with bacterial solution 9, 11 . This is particularly the case when the researcher wishes to compare the effectiveness of different techniques to reduce bacterial contamination. Caution must be applied however, when extrapolating findings to the clinical setting. Due to the rarity of post-dural puncture meningitis, it is not feasible to design a trial to demonstrate the effectiveness of such measures in reducing the incidence of iatrogenic meningitis.
Clinical relevance
Bacterial meningitis is a rare but serious complication of dural puncture [1] [2] [3] 18, 19 . The largest study on its incidence comes from a retrospective review of over a million neuraxial anaesthetics over a 10-year period in Sweden, with an approximate incidence of 1:53,000 20 . Outcomes ranged from full recovery to death, with permanent neurological damage in six of 27 cases.
Post-dural puncture meningitis has a distinctly different aetiology to that of community-acquired meningitis. In a recent review 1 of 179 reports of post-dural puncture meningitis the causative organism was identified in 64% of cases. Of these, 77% were caused by α-haemolytic streptococci, 7.9% Staphylococcus aureus, 7.0% Pseudomonas aeruginosa and 2.6% by Enterococcus faecalis. Other organisms accounted for <1% of cases each. Additionally, Aspergillus fumigatus has been implicated as the causative agent in a recent outbreak of iatrogenic meningitis in Sri Lanka. None of these organisms is among the common causes of community-acquired meningitis, which include Neisseria meningitidis, Streptococcus pneumoniae and Haemophilus influenzae type B 21 . Routes by which bacteria may enter the cerebrospinal fluid include direct inoculation via contaminated equipment 22 , disruption of the bloodbrain barrier in bacteraemic patients 23 and migration of skin commensals along the needle path (e.g. via an epidural catheter) 24 . In most cases the source of the bacteria is undetermined 1, 4, 24 . Recently there has been increased awareness of post-dural puncture meningitis as a clinical entity. Recommendations for clinical practice include attention to meticulous aseptic technique including routine use of facemasks 6, [24] [25] [26] , treatment of bacteraemic patients with appropriate antibiotics prior to dural puncture 6, 23 and consideration of the likely causative organisms and possible antibiotic resistance when initiating treatment 27 . The use of non-sterile packaged drug ampoules when performing spinal anaesthesia creates a theoretical risk of inadvertent bacterial contamination of the intrathecal solution. Two studies have been published which suggest that bacterial contamination of opioid solutions drawn up from non-sterile packaged ampoules is a common occurrence 11, 14 . Our study did not confirm their findings. Although our sample size was small (n=30), we believe it was well designed and simulated clinical practice at our institution. The inability to culture bacteria in any of the three groups was reassuring.
In our institution we use a 5 μm filter needle as part of our standard drawing-up technique for neuraxial anaesthesia because it is cheap, easy to use and has no known patient risks. It probably reduces contamination of the injectate by glass shards and, based on the investigation by Hemingway et al 11 , it may remove some bacteria. We also advocate the use of full aseptic technique and efforts to minimise environmental contamination of ampoules prior to use, as these are simple measures which are likely to reduce bacterial contamination of solution aspirated from non-sterile packaged ampoules 14, 15 . Wiping the neck of the ampoule with alcohol prior to opening is also likely to reduce bacterial contamination 11, 28 , but has a theoretical risk of neurotoxicity from trace amounts of intrathecal alcohol. Other strategies such as in-hospital autoclaving of fentanyl ampoules cannot be recommended unless proven to be safe.
Ideally, drug manufacturers should package opioids in sterile, double-wrapped ampoules which do not shatter when opened. A priority for future research in this area is to determine the prevalence of bacterial colonisation of non-sterile packaged fentanyl ampoules. In particular, α-haemolytic streptococcus should be sought, as it is the most common causative organism in iatrogenic postdural puncture meningitis. If contamination of the ampoule surface is demonstrated, it may act as a stimulus for pharmaceutical companies to provide a more suitable presentation of products used extensively by anaesthetists.
